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Phosphorylation of Histone H2AX Is a Powerful
Tool for Detecting Chemical Photogenotoxicity
Tatsushi Toyooka1, Mio Ishihama1 and Yuko Ibuki1
Several light-absorbing chemicals are known to show phototoxic effects involving many kinds of DNA damage,
and are suspected of initiating skin cancer. In this study, we clarified that phosphorylated histone H2AX
(g-H2AX) (phosphorylated histone H2AX), which was produced with the induction of DNA double-strand
breaks, is a sensitive photogenotoxic marker. The immortal human keratinocyte line HaCaT was treated with a
library of 11 chemicals (including known strong and weak phototoxic chemicals, and nonphototoxic chemicals)
and/or UVA exposure. g-H2AX was generated after treatments with all phototoxic chemicals and UVA. The limit
of detection using g-H2AX was 100–1,000 times lower than that using cell viability and DNA gel electrophoresis.
g-H2AX was not generated following treatments with nonphototoxic chemicals and UVA. These results
indicated that g-H2AX is a powerful tool for detecting chemical photogenotoxicity.
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INTRODUCTION
Phototoxic potential has been described for a number of
chemical compounds. Cellular components damaged photo-
toxically are wide ranging including cell membranes,
lysosomes, cytoskeletal proteins, and DNA. Phototoxic
damage can result in the development of cutaneous
symptoms such as erythema, edema, inflammation, and
eventually cancer (Gould et al., 1995; Stern, 1998). Therefore,
the identification and assessment of phototoxic chemicals are
important to the development of drugs and cosmetics.
Historically, evaluations of chemical phototoxicity have
been carried out using laboratory animals. However, simple
and reproducible in vitro tests have been required for ethical
and financial reasons. Several in vitro models have been
implemented, with a neutral red uptake assay involving 3T3
cells considered the most promising (Spielmann et al., 1998,
2000). However, this assay is unsatisfactory on at least two
counts. The first is the target cell line. As photosensitization
can occur on skin, a phototoxicity assay using keratinocytes
is preferable; however, keratinocytes (both primary cultures
and permanent cell lines) are less sensitive than fibroblasts
like 3T3 cells (Maier et al., 1991; Clothier et al., 1999;
Spielmann et al., 2000). The second problem is that the 3T3
neutral red uptake assay does not provide enough biological
information. As cellular viability assay’s end point, only
information on whether cells are alive or dead, not on
photogenotoxicity or photoallergenicity, is provided. Evalua-
tions of photogenotoxicity are crucial to prevent photocarci-
nogenicity, the ultimate form of chemical phototoxicity.
Recommendations regarding tests for photochemical geno-
toxicity have been established by an international working
group (Gocke et al., 2000).
At present, several in vitro genotoxicity tests such as the
Ames, chromosomal aberration (CA), and comet assays, have
been adapted for the testing of chemical photogenotoxicity
(Photo-Ames, Photo-CA, and Photo-Comet assays, respec-
tively; Brendler-Schwaab et al., 2004). Adaptations of these
assays for photogenotoxicity testing may have certain
advantages, but there are still problems. For instance, the
target employed in the Photo-Ames assay is bacteria. Most of
the cells employed in the Photo-CA and Photo-Comet assays
are Chinese hamster fibroblasts (CHO, V79, and CHL), not
skin keratinocytes. In addition, Photo-Ames and Photo-Comet
assays using keratinocytes are not sensitive enough (Gocke
and Chetelat, 2001; Brendler-Schwaab et al., 2004; Dufour
et al., 2006) and the Photo-CA assay has poor specificity, i.e.,
it has a high rate of false-positive results (artifacts due to
pseudo-photoclastogenic effects; Dufour et al., 2006;
Kirkland and Speit, 2008). Furthermore, the Photo-Comet
assay cannot be used to detect photogenotoxic chemicals that
induce DNA crosslinking (Babudri et al., 1986; Dufour et al.,
2006). Therefore, a completely new method of evaluating
chemical photogenotoxicity is needed to solve the problems
described above.
Phosphorylated histone H2AX (g-H2AX), a minor compo-
nent of nuclear histone H2A, is currently attracting attention
as a new biomaker for detecting various genotoxic insults
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g-H2AX is generated following the exposure of cells to
various suspected DNA-damaging agents such as cigarette
smoke, polycyclic aromatic hydrocarbons, benzene metabo-
lites, heavy metals, extreme heat, and nanoparticles (Ha
et al., 2004; Toyooka and Ibuki, 2005, 2009; Ishihama et al.,
2008; Albino et al., 2009; Dickey et al., 2009; Mattsson et al.,
2009; Trouiller et al., 2009). The generation of g-H2AX,
originally identified as an early event after the direct
formation of DNA double-strand breaks (DSBs) by ionizing
radiation (Rogakou et al., 1998), is now also considered to
occur after the indirect formation of DSBs caused by the
collision of the replication forks at sites of DNA damage,
including DNA adducts, single-strand breaks, and cross-
linking, and the repair of the damage (Mogi and Oh, 2006;
Bonner et al., 2008). Chemical photosensitization has been
reported to induce certain kinds of DNA damage like base
oxidation, single-strand breaks, adduct, and crosslinking
(Brendler-Schwaab et al., 2004). As these DNA lesions cause
the indirect formation of DSBs, it might be possible to
evaluate chemical photogenotoxicity by monitoring the
generation of g-H2AX.
The aim of this study is to investigate the suitability of
g-H2AX as a new maker of chemical photogenotoxicity using
human keratinocytes. We tested 11 known phototoxic and
nonphototoxic chemicals. g-H2AX was generated after
treatments with all phototoxic chemicals and UVA, but not
with nonphototoxic chemicals. The limit of detection on
monitoring the generation of g-H2AX was 100–1,000 times
lower than that for cell viability and DNA gel electrophoresis.
We propose the use of g-H2AX to detect chemical photo-
genotoxicity.
RESULTS
Detection of c-H2AX after treatment with a strong phototoxic
chemical, 8-methoxypsoralen (8-MOP), and UVA
Because of its ability to cause significant death in 3T3 cells as
determined by the neutral red uptake assay, 8-MOP is
considered a strong phototoxic chemical, and is often used as
a positive control for phototoxic assays. HaCaT cells were
treated with 8-MOP (109–104 M) and/or UVA (1–5 J cm–2),
and immunofluorescence staining for g-H2AX was carried
out 4 hours later. Images of g-H2AX foci within the nucleus
following the treatment with 8-MOP (105 M) and UVA
(5 J cm–2) are presented in Figure 1a (upper panels: magnified
images, lower panels: whole images). g-H2AX foci distrib-
uted in the nucleus were clearly detected as discrete dots.
Cells having X10 foci were judged as positive for g-H2AX.
8-MOP clearly induced the production of g-H2AX under
UVA irradiation, the extent of which was dependent on the
doses of the 8-MOP and UVA, but not following treatment
with either 8-MOP or UVA alone (lower graphs in Figure 1b
and c). The generation of g-H2AX was also confirmed by
western blotting (upper images in Figure 1b and c). In time
course experiments, signals of g-H2AX were detected from
0.5 and 0.25 hours after treatment with 107 and 104 M of
8-MOP plus UVA, respectively (Figure 1d). The induction
increased in a time-dependent manner. As the most
significant induction was observed 4 hours after the treat-
ments, we set the time to detect g-H2AX in this study.
As the generation of g-H2AX is attributed to the induction
of DSBs, DSBs induced by treatment with 8-MOP and UVA
were detected by biased sinusoidal field gel electrophoresis
(BSFGE; Figure 1e). A single treatment with 8-MOP (104 M)
or UVA (5 J cm–2) did not cause the migration of DNA.
Migrated DNA was detected when the cells were treated with
8-MOP at concentrations ranging from 106 to 104 M and
UVA, the extent of which was dose dependent. Although a
significant amount of g-H2AX was observed when the cells
were treated with 109 M of 8-MOP and UVA irradiation
(Figure 1b), migrated DNA could not be detected by BSFGE at
concentrations of 8-MOP o106 M.
Cell survival after treatment with 8-MOP and UVA
HaCaT cells were treated with 8-MOP (109–104 M) and/or
UVA (5 J cm–2), and survival rates 4 or 24 hours later were
determined by the fluorescein diacetate (FDA) assay (Figure
2a). A single treatment with 8-MOP (104 M) or UVA (5 J cm–2)
did not change the survival rate. Cell death was observed
24 hours after treatment with over 106 M of 8-MOP and
UVA, but not 4 hours after the combined treatments, under
which conditions g-H2AX was significantly produced
(Figure 1). The morphological changes of HaCaT cells
24 hours after the treatment with 8-MOP (105–104 M) and
UVA (5 J cm–2) are presented in Figure 2b. Obvious morpho-
logical change was observed in the cells treated with 8-MOP
at a concentration over 106 M and UVA, consistent with the
results of cell viability assays shown in Figure 2a.
Induction of apoptosis at each indicated point after
treatment with 8-MOP (107 and 104 M) and UVA
(5 J cm–2) was assessed based on caspase-3 activity and
morphological change of chromatin. Time-dependent in-
crease of activated caspase-3 (Figure 2c) and chromatin-
condensed cells (Figure 2d) was observed from 8hours after
treatment with 104 M of 8-MOP and UVA, but not after
treatment with 107 M of 8-MOP and UVA.
Detection of c-H2AX generated by weak phototoxic chemicals
We tried to detect g-H2AX generated by two weak phototoxic
compounds, bithionol (BT), an antiparasitic compound used
to treat fasciolasis, and 6-methylcoumarin (6-MC) a synthetic
fragrance. Both chemicals were reported to be almost
nonphototoxic in epidermal tissue and cell culture photo-
toxicity test models (Bernard et al., 2000). HaCaT cells were
treated with these chemicals (109–104 M) and/or UVA
(5 J cm–2), and g-H2AX was detected by immunofluorescence
staining and western blotting 4 hours after the treatments. BT
and 6-MC clearly produced g-H2AX-positive cells under
UVA irradiation from a concentration of 109 and 107 M,
respectively (Figure 3a). It was difficult to detect migrated
DNA using BSFGE except with 104 M of BT and UVA (Figure
3b). Cell survival was determined by the FDA assay 4 or
24 hours after the treatments (Figure 3c). Significant cell death
was observed only 24 hours after the treatment with 104 M of
BT and UVA (5 J cm–2). These results suggested the assay with
g-H2AX to be applicable to weak phototoxic chemicals.
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Next, we checked the false-positive rate of g-H2AX
generation using SDS, a nonphototoxic compound (Figure
3d). Treatments with SDS and UVA caused no decrease in
cell survival and no migration of DNA, and did not generate
g-H2AX even at high concentrations.
Suitability of c-H2AX for assessing the photogenotoxicity of
chemicals
To ensure the suitability of g-H2AX for a new photogeno-
toxicity assay, we further tested a library of 7 chemicals: 6 of
the chemicals, 5-methoxypsoralen (5-MOP), chlorpromazine
hydrochloride (CPZ), promethazine hydrochloride (PM),
neutral red (NR), Rose bengal sodium salt, and tetracycline,
are reported to have phototoxic potential, and the seventh
chemical, L-histidine, is not (Bernard et al., 2000; Lelie`re
et al., 2007). HaCaT cells were treated with these chemicals
(109–104) and/or UVA (5 J cm–2), and the phototoxic effect
was assessed based on cell viability, the detection of DSBs
using BSFGE, and g-H2AX (Figure 4). g-H2AX was detected
4 hours after the treatments with all the chemicals tested
except L-histidine at low concentrations (109–108 M),
whereas cell death and DNA migration could not be detected
at those concentrations even 24 hours after the treatments,
and required concentrations 4106 M. On treatment with
higher concentrations of some chemicals and UVA, cell
survival decreased drastically (4 hours after the treatments:
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Figure 1. Generation of phosphorylated histone H2AX (c-H2AX) after treatment with 8-methoxypsoralen (8-MOP) and UVA. The generation of g-H2AX at
4 hours after treatment with 8-MOP and UVA was analyzed by immunofluorescence staining and western blotting. (a) Images of g-H2AX foci produced by
treatment with 8-MOP (104 M) and UVA (5 J cm–2). Nuclei were stained with propidium iodide (PI). Scale bar¼ 10 mm. (b) 8-MOP-dose-dependent
(109–104 M) generation of g-H2AX. Lower graph shows counts for g-H2AX-positive cells determined by immunofluorescence staining. The upper image shows
western blotting for detection of g-H2AX. Actin was used as a standard for the equal loading of proteins for SDS-PAGE. (c) UVA-dose-dependent (1–5 J cm–2)
generation of g-H2AX. (d) Time-dependent (0–4 hours) generation of g-H2AX after treatment with 8-MOP (107 and 104 M) and UVA (5 J cm–2). (e) Detection of
double-strand breaks (DSBs) after treatment with 8-MOP and UVA by biased sinusoidal field gel electrophoresis (BSFGE). All experiments were repeated two or
three times with similar results. Values are the mean±SD (n¼ 5). Significant differences from untreated cells are represented by **Po0.01 and ***Po0.001.
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CPZ, PM, and NR), and the level of g-H2AX also decreased
markedly. This might be because of acute phototoxicity, that
is, cells were killed soon after the treatments and cellular
functions against DSBs might not have worked. To cite a
case, treatment with 104 M of CPZ and UVA showed less
generation of g-H2AX than treatment with 107 M of CPZ and
UVA (Supplementary Figure S1 online). In 104 M of CPZ, cell
death was induced immediately after UVA irradiation (data
not shown), and the generation of g-H2AX was constantly
weak (not time dependent). Considering with Figure 1d, the
detection of g-H2AX at 4 hours after treatment with less
cytotoxic doses of chemicals and UVA would be the
optimum condition.
The detection limits for the phototoxic effect of the
chemicals assessed using (1) g-H2AX (4 hours after the
treatments), (2) DSBs using BSFGE (4 hours after the
treatments), and (3) cell viability (24 hours after the treat-
ments) are summarized in Figure 5.
DISCUSSION
In this study, chemical photogenotoxicity was detected using
g-H2AX in immortal human keratinocyte line HaCaT.
Importantly, the g-H2AX was detected even when cell
viability was not affected, at the low doses of chemicals
and UVA, and when DSBs could not be detected using
BSFGE. As shown in Figure 5, the limit of detection of
chemical phototoxicity using g-H2AX was 100–1,000 times
lower than that based on cell viability. Similarly, the assay
using g-H2AX was more sensitive than BSFGE, another
method of detecting genotoxicity. Sedelnikova and Bonner
(2006) also suggested that g-H2AX provides a considerably
more sensitive measurement of DNA damage than other
techniques such as pulse field gel electrophoresis and comet
assays.
It is worth noting that the strength of the phototoxic effect
could be assessed by the detection of g-H2AX. 8-MOP, BT,
and 6-MC generated g-H2AX differently; 8-MOP 4 BT 4
6-MC (Supplementary Figure S2 online). This order was well
consistent with the phototoxic intensity assessed using the
reconstituted human epidermis model SkinEthicTM (Bernard
et al., 2000). This means that g-H2AX can be used to judge
phototoxic intensity. Although false-positive reactions can be
a problem in sensitive evaluation methods (Dufour et al.,
2006; Kirkland and Speit, 2008), SDS and L-histidine, the
nonphototoxic compounds, did not generate g-H2AX under
UVA irradiation even at high concentrations (Figures 4
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and 5). This is another important factor supporting the use of
g-H2AX in assays of chemical phototoxicity.
Although its exact role is still controversial, g-H2AX is
considered to be involved in recruiting proteins for the
repair of DSBs and maintenance of the genome’s integrity
(Mah et al., 2010). There is a close correlation between the
number of g-H2AX foci and the number of DSBs (Sedelnikova
et al., 2002). In this study, 30–50 foci of g-H2AX per nucleus
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were observed in g-H2AX-positive cells after treatment with
8-MOP (107 M) and UVA (data not shown). The DSBs
produced by the treatments were considered to be repaired
because the cell survival rate after the treatments was
unchanged (Figure 2a); however, the unscheduled generation
of DSBs by extrinsic insult may result in an increased risk of
misrepair. Notably, damage in a critical gene related to
cancer (such as a tumor-suppressor gene) could have
catastrophic consequences for the cell. H-ras, INK4a-ARF,
and p53 mutations in patients and/or mice treated with
8-MOP plus UVA have been reported (Nataraj et al., 1997;
Kreimer-Erlacher et al., 2001, 2003).
The mechanism by which the chemicals and UVA
generated g-H2AX is worth serious consideration. Chemical
phototoxicity is considered to occur via type I and/or type II
photosensitization (Foote, 1991). In a type I reaction, the
excited triplet state is reduced, leading to the generation of
highly reactive free radicals capable of combining with
biological substrates, including DNA. In a type II reaction, the
chemicals excited by UV irradiation transfer their energy to
surrounding oxygen molecules generating singlet oxygen
(1O2), a potent oxidizing agent. Alternatively, the reaction
may form reactive oxygen species like superoxide anion and
hydroxyl radicals. Production of g-H2AX is now considered
attributable to not only the direct formation of DSBs resulting
from ionizing radiation, but also the indirect formation of
DSBs, arising as a consequence of other types of DNA
damage (Bonner et al., 2008). In the cases of 8-MOP and
5-MOP, major cellular damage is considered to be initiated
by a type I reaction (Pathak and Joshi, 1983), whereby they
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Figure 5. Suitability of phosphorylated histone H2AX (c-H2AX) to assess the photogenotoxic effects of chemicals. The sensitivity of detecting chemical
phototoxicity was assessed using three indexes (1: g-H2AX, 2: double-strand breaks (DSBs) detected by biased sinusoidal field gel electrophoresis (BSFGE),
and 3: cell viability). The width and intensity of a band indicate the scope and sensitivity for detecting phototoxicity. 5-MOP, 5-methoxypsoralen; 6-MC,
6-methylcoumarin; 8-MOP, 8-methoxypsoralen; BT, bithionol; CPZ, chlorpromazine hydrochloride; L-His, L-histidine; ND, not detectable; NR, neutral red;
PM, promethazine hydrochloride; RB, Rose bengal sodium salt; TC, tetracycline.
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form DNA interstrand crosslinks with pyrimidine bases. It has
been reported that interstrand crosslinks cause DNA replica-
tion fork arrest, and produce DSBs during S phase (Cheng
et al., 2008). In addition, the generation of DSBs as
intermediates in the cellular repair of interstrand crosslinks
has been reported (Rothfuss and Grompe, 2004). Mogi and
Oh (2006) showed that XPF, a protein involved in nucleotide
excision repair, was required to form g-H2AX in response to
interstrand crosslinks.
CPZ, PM, BT, and NR are thought to damage cellular
components mainly via a type I reaction. Some reports
showed that photo-activated CPZ and PM could form
covalent bonds with DNA (Kochevar et al., 1984; De Mol
et al., 1986). Although how BT and NR interact with DNA is
not yet clear, it is speculated that photoadducts were formed
by BT and NR radicals generated photochemically
(Delahanty et al., 1989; Okamoto et al., 1999; Fischer
et al., 2004; Rimpapa et al., 2007). These photoadducts
would later be converted into DSBs. On the other hand, 6-
MC, Rose bengal sodium salt, and tetracycline are suggested
to be type II photosensitizers (Martin et al., 1987; Allen et al.,
1997; Fischer et al., 2004). Reactive oxygen species,
generated from a type II photoreaction, can damage DNA,
causing single-strand breaks and 8-oxo-7,8-dihydro-20-deox-
yguanosine. It has been reported that single-strand breaks and
8-oxo-7,8-dihydro-20-deoxyguanosine are converted into
DSBs as a result of a collision of the replication forks and
the repair process (Kuzminov, 2001; Nowicki et al., 2004).
Furthermore, lipid hydroperoxidation would contribute to the
formation of DSBs. In cellular membranes, lipid peroxidation
frequently occurs as a consequence of attack by reactive
oxygen species. Linoleic acid hydroperoxide, a lipid hydro-
peroxide, was reported to enhance the formation of DSBs
(Yang and Schaich, 1996). It should be noted that g-H2AX is
also induced by DNA fragmentation during apoptosis
(Rogakou et al., 2000). In our study, the time of g-H2AX
generation was earlier than that of apoptosis induction. Thus,
generation of g-H2AX at early time after treatment with
chemicals and UVA might be independent of apoptotic DNA
fragmentation. Anyway, g-H2AX can be used to detect
photogenotoxicity induced by either type I or type II
photosensitization.
In summary, we showed that chemical photogenotoxicity
was well detected by monitoring g-H2AX in immortal human
keratinocyte line HaCaT. The method’s sensitivity would be
applicable to the initial screening of photogenotoxic sub-
stances. In the field of cancer chemo- and radiotherapy,
clinical researchers have already started to use g-H2AX as a
tool to evaluate therapeutic outcome (Karp et al., 2007; Sak
et al., 2007; Geisel et al., 2008). To establish a new
photogenotoxic assay using g-H2AX, it is necessary to
validate g-H2AX-based evaluations.
MATERIALS AND METHODS
Chemicals
All chemicals tested in this study were purchased from Sigma-Aldrich
(St Louis, MO). 8-MOP, BT, 6-MC, 5-MOP, CPZ, PM, and tetracycline
were dissolved in DMSO at a stock concentration of 20mM. Rose bengal
sodium salt, NR, SDS, and L-histidine were dissolved in water at a
stock concentration of 20mM. They were stored at 20 1C before use.
Cells and cell culture conditions
The immortalized human keratinocytes, HaCaT cells, were kindly
provided by Dr Norbert Fusening (German Cancer Research Center,
Germany). The cells were maintained in DMEM supplemented with
10% fetal bovine serum, and proper cell numbers compatible with
each dish’s size were seeded 2 days before experiments.
Treatment with chemicals and/or UVA
Cells were treated with various concentrations of chemicals
(104–109 M) for 1 hour and irradiated with several doses of UVA
(1–5 J cm–2) in phosphate-buffered saline with Ca2þ and Mg2þ . The
UVA lamp (HP-30LM; Atto, Tokyo, Japan) had a spectral output of
3% in the UVB region (o320 nm), 17% in the UVA2 region
(320–340 nm), and 74% in the UVA1 region (340–400 nm), with an
emission peak at 365 nm. During UVA irradiation, 5-mm-thick glass
was placed between UVA tubes and samples. The rates of UVB
decreased by 72%. The UVA irradiance at the sample level was
1.5mWcm–2. Experiments conducted with UVB alone indicated
that the UVB component of the radiation had a negligible effect
on the results.
Immunofluorescence microscopy
Cells treated with chemicals and/or UVA on Lab-Tek chamber slides
(Nalge Nunc, Rochester, NY) were fixed in 2% paraformaldehyde for
5minutes and then in 100% methanol for 20minutes at 20 1C.
Fixed cells were immersed in buffer containing 100mM Tris-HCl,
50mM EDTA, and 0.5% Triton X-100 for 20minutes, and blocked
with 1% BSA for 30minutes. After being washed with phosphate-
buffered saline, they were incubated overnight with a primary
antibody against phospho-H2AX (1:200; Millipore, Temecula, CA),
and then with a secondary antibody conjugated with FITC (Jackson
ImmunoResearch Laboratories, West Grove, PA). To confirm the
distribution of g-H2AX foci, the nucleus was stained with propidium
iodide (20 mgml–1). Images were acquired on a laser-scanning
confocal microscope (LSM510; Carl Zeiss, Oberkochen, Germany).
Cells were judged as ‘‘positive’’ for g-H2AX foci if they displayed
X10 discrete dots of brightness. At least 500 cells were counted for
each experimental condition.
Western blot analysis
Cells treated with chemicals and/or UVA were lysed in lysis buffer
(50mM Tris (pH 8.0), 5mM EDTA, 150mM NaCl, 0.5% Nonidet P-40,
and 1mM phenylmethylsulfonyl fluoride (PMSF)). Samples contain-
ing 60 mg of whole cell protein were separated on 12.5% SDS-PAGE
gels, and blotted onto polyvinylidene fluoride transfer membranes.
After blocking with 1% non-fat milk, each membrane was incubated
overnight with a primary antibody against phospho-H2AX (1:1,000)
or actin (1:1,000), and then with a secondary antibody conjugated
with horseradish peroxide (Jackson ImmunoResearch Laboratories)
for 2hours. Protein expression was visualized with an enhanced chemi-
luminescence detection kit (GE Healthcare, Buckinghamshire, UK).
BSFGE for direct detection of DSBs
Cells treated with chemicals and/or UVA were suspended in 1%
low-melting agarose and solidified. The agarose plugs were treated
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with a 0.5mgml–1 proteinase K solution for 24 hours at 50 1C, and
subsequently with 1mgml–1 ribonuclease A for 1 hour at 37 1C. The
plugs were placed in a 0.8% agarose gel and electrophoresed with a
BSFGE system (Atto) in 0.5 TBE buffer (45mM Tris-HCl, 45mM
boric acid, and 1mM EDTA, pH 8.2) for 32 hours at 20 1C. The biased
sinusoidal electric field was applied at DC 30V and AC 198V with
a frequency of 0.001Hz (initial) and 0.005Hz (final). The gel was
stained with ethidium bromide and photographed using a trans-
illuminator (Gel DOC XR; Bio-Rad, Hercules, CA). Approximately
1,000 kbp of DNA was detected. Formation of DSBs was estimated
by the total amounts of DNA migrated from gel plugs.
Viability assay
Cell viability was estimated by the FDA metabolic assay. After
treatment with chemicals and/or UVA for 24 hours, the cells were
harvested and suspended in phosphate-buffered saline containing
FDA (0.1mgml–1). They were incubated for 10minutes at 37 1C.
Viability was determined using a flow cytometer (Epics XL; Coulter,
Brea, CA). FDA is hydrolyzed by cytoplasmic esterases into fluores-
cent fluorescein in living cells.
Apoptosis assay
Apoptotic cells were stained with the DNA-binding fluorochrome
Hoechst 33258 (Sigma-Aldrich) to detect morphological changes of
chromatin. Caspase-3 activity was measured by a direct assay in cell
lysates using a fluorescent substrate of the enzyme (Ac-Asp-Glu-Val-
Asp-MCA). The amounts of fluorogenic 4-methyl-coumaryl-7-amide
(MCA) moiety released were measured using a spectrofluorometer
(FL4500, Hitachi, Japan) (ex. 380 nm, em. 460 nm).
Statistics
Values are means±SD. Data were analyzed with a one-way analysis
of variance followed by Dunnett’s t-test for comparisons between
groups. Statistical significance is represented by *Po0.05,
**Po0.01, and ***Po0.001.
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